Abstract. Nup153 is a large (153 kD) O-linked glycoprotein which is a component of the basket structure located on the nucleoplasmic face of nuclear pore complexes. This protein exhibits a tripartite structure consisting of a zinc finger domain flanked by large (60-70 kD) NH2-and COOH-terminal domains. When fulllength human Nup153 is expressed in BHK cells, it accumulates appropriately at the nucleoplasmic face of the nuclear envelope. Targeting information for Nup153 resides in the NH2-terminal domain since this region of the molecule can direct an ordinarily cytoplasmic protein, pyruvate kinase, to the nuclear face of the nuclear pore complex. Overexpression of Nup153 results in the dramatic accumulation of nuclear poly (A) + RNA, suggesting an inhibition of RNA export from the nucleus. This is not due to a general decline in nucleocytoplasmic transport or to occlusion or loss of nuclear pore complexes since nuclear protein import is unaffected. While overexpression of certain Nup153 constructs was found to result in the formation of unusual intranuclear membrane arrays, this structural phenotype could not be correlated with the effects on poly (A) ÷ RNA distribution. The RNA trafficking defect was, however, dependent upon the Nup153 COOH-terminal domain which contains most of the XFXFG repeats. It is proposed that this region of Nup153, lying within the distal ring of the nuclear basket, represents a docking site for mRNA molecules exiting the nucleus.
T HE bidirectional movement of macromolecules across the nuclear envelope is a multi-step process mediated by nuclear pore complexes (NPCs) x (Feldherr et al., 1984; Melchior and Gerace, 1995) . These are massive multiprotein assemblies which penetrate the nuclear envelope in regions where both the inner and outer nuclear membranes are joined . Ultrastructural analyses of amphibian oocyte NPCs have revealed that they are extremely intricate objects organized about a symmetrical framework lying in the plane of the nuclear membranes (Hinshaw et al., 1992; Akey and Radermacher, 1993; Akey, 1995) . This structure, roughly 130 nm in diameter and 70 nm deep, appears as a circle of eight spokes radiating from a central gated channel corn-1. Abbreviations used in this paper: CMPK, chicken muscle pyruvate kinase; HA, influenza virus bemagglutinin; NLS, nuclear localization signal; NPC, nuclear pore complex; NRK, normal rat kidney. plex or transporter. The spokes are joined towards their distal ends by two stacked rings, each composed of eight large subunits. One ring faces the nucleoplasm, and the other faces the cytoplasm. Towards the periphery of this ring-spoke assembly, in the vicinity of the nuclear membranes, are eight additional channels with diameters of approximately 9 nm (Hinshaw et al., 1992) . It is thought that these provide free passage for small molecules across the nuclear envelope. This current view of the NPC framework with both central and peripheral channels provides a structural basis for the sieve-like properties observed for the nuclear envelope as a whole (Paine, 1975; Paine et al., 1975) .
Associated with the central framework are peripheral filamentous structures . On the cytoplasmic face, there are eight short, kinky filaments which extend about 100 nm into the cytoplasm. It is thought that these contain the sites at which nuclear proteins initially dock, as complexes with soluble nuclear localization signal receptors, before energy-dependent translocation through the central channel of the NPC (Richardson et al., 1988) . On the nucleoplasmic face, there are eight seemingly rigid filaments joined at their distal ends by a 50-nm-diam ring. The appearance is of a basket or fish trap-like structure extending about 100 nm into the nucleus (Ris, 1991) . The function of the basket is still a matter of speculation, although it is conceivable that it might, like the cytoplasmic filaments, have a docking role for transport substrates.
With a total mass of about 125 MD, the vertebrate NPC is about 30 times as large as a ribosome (Reichelt et al., 1990) . It has been suggested on this basis that it may be composed of as many as 100 different protein subunits (Reichelt et al., 1990 ). This figure is given some credence by studies on isolated yeast NPCs (Rout and Blobel, 1993) , which, at a little less than two thirds the size of their vertebrate counterparts, appear to contain 60-80 distinct polypetides. To date, only a dozen or so vertebrate NPC proteins or nucleoporins have been characterized (Rout and Wente, 1994) , which, even assuming very generous stoichiometries, can account for no more than 30-50% of the NPC mass. Several of these NPC proteins are members of rapidly expanding nucleoporin families (Rout and Wente, 1994) distinguished on the basis of the repetitive sequence motifs XFXFG or GLFG (single letter code, where X is a residue with a small or polar side chain).
While considerable progress has been made in describing the roles of soluble factors in nucleocytoplasmic transport (Sweet and Gerace, 1995) , there is scant knowledge of how the protein components of the NPC itself might affect the translocation of macromolecules. Since the NPC operates vectorially, it seems obvious that the function of individual nucleoporins can only be fully understood in the context of their location and interactions within the NPC. So far, none of the vertebrate nucleoporins have been assigned any specific function, and while the majority have been located in fairly general terms (for instance, exposed either to the nucleoplasm or to the cytoplasm), only three (CAN/Nup214, Nup153, and p62) have been localized with any degree of precision to distinct substructures within the NPC Guan et al., 1995) . These three proteins are all members of the XFXFG family (Rout and Wente, 1994) and are extensively modified with O-linked N-acetyl glucosamine (Holt et al., 1987) . p62, a very abundant NPC protein associated with three other nucleoporins, p45, p54, and p58 (Finlay et al., 1991; Kita et al., 1993; Guan et al., 1995) , is located within the central channel complex (Guan et al., 1995) . In contrast, both CAN/Nup214 and Nup153 are found in peripheral structures . The former, in association with another nucleoporin Nup84 (Bastos, R., and B. Burke, manuscript in preparation), is a component of the short cytoplasmic filaments . Nup153, which can be eluted from the NPC as a large homooligomer, is a component of the distal ring of the nuclear basket .
In this paper, we have focused on the structure, interactions, and possible functions of Nup153 (Sukegawa and Blobel, 1993) . This protein is one of only two nucleoporins (the other being Nup358; Wu et al., 1995; Yokoyama et al., 1995) known to contain a series of zinc fingers, which at least in vitro are capable of binding DNA (Sukegawa and Blobel, 1993) . The sequence of Nup153 reveals three distinct domains (Sukegawa and Blobel, 1993; McMorrow et al., 1994) : the zinc finger region of ~220-amino acid residues (Z-domain) flanked by a ~600-residue NH2-terminal domain (N-domain) and a similarly sized COOH-terminal domain (NP-domain). The latter contains the majority (26 out of 33) of the XFXFG repeats and consequently bears the strongest similarity to other nucleoporins from a variety of species, including yeast (Rout and Wente, 1994) . Our intention has been to define regions of Nup153 which contain independent and separable functions and in this way lay the foundations for further experiments to identify interacting proteins using both biochemical and genetic approaches. In addition, we envisaged that these studies may provide a rational basis for the design of dominant interfering mutants, which may in turn lead to new understanding of the role of Nup153 in nucleocytoplasmic transport. As will be described in this paper, we have indeed been able to dissect Nup153 into functional domains. In particular, we have identified a discrete region of the Nup153 molecule that contains information required for appropriate association with the NPC. Furthermore, overexpression of a second region of the Nup153 molecule leads to dramatic changes in RNA trafficking, leading to the suggestion that Nup153 may have a primary role in RNA export from the nucleus.
Materials and Methods

Cell Culture
BHK, normal rat kidney (NRK), and HeLa cells were maintained in DMEM containing 10% fetal calf serum (Hyclone Labs, Logan, UT) and penicillin/streptomycin (GIBCO BRL, Gaithersburg, MD). Xenopus laevis A6 cells were grown in medium containing (by volume) 75% NCTCt09 (GIBCO BRL), 10% fetal calf serum, and 15% deionized water. All cells were grown in a humidified incubator with a 7.5% CO2 and 92.5% air atmosphere. The mammalian cells were maintained at 37°C, whereas the amphibian cells were kept at 26.5°C.
Antibodies
The monoclonal antibody QE5 against NPC glycoproteins, as well as polyclonal antibodies against CAN/Nup214 (referred to in our previous publication as p250), and Nup153 ar e described by . An antipeptide rabbit antibody specific for lamin A has also been previously described (Burke, 1990) . The human autoantibody against lamin B 1 was a gift from Dr. Marvin Fritzler (University of Calgary, Calgary, Canada). The monoclonal antibody 12CA5 (Wilson et al., 1984; Field et al., 1988) against the influenza virus hemagglutinin (HA) epitope was obtained from the Berkeley Antibody Company (BAbCo, Berkeley, CA). A rabbit antibody against the same HA epitope was obtained from MBL Co., Ltd. (Nagoya, Japan). A monoclonal antibody against 13-gaIactosidase was obtained from Promega Corp. (Madison, WI), while a polyclonal anti-13-galactosidase antibody raised in rabbits was purchased from Cappel Inc. (Mulvern, PA) .
DNA Constructs
The expression vector pCMV-HA, based on a plasmid designed by Morrie Birnbaum (Harvard Medical School, Cambridge, MA), was obtained from Roydon Price and Frank McKeon (Harvard Medical School, Cambridge, MA) . The polylinker region of this vector was modified by ligating a double-stranded synthetic oligonucteotide adapter (Ausubel et al.. 1987) between the unique Xhol and Xbal sites to generate pCMV-HA(XB). The adapter contained Notl and Bglll sites and was designed such that the Xbal site was destroyed upon ligation. Full-length human Nup153 cloned in pBluescript II SK between the Notl and Xhol sites was cut with Notl and Xbal, thus removing a 1.8-kb fragment at the 5' end of Nup153. It was replaced with a similarly cut fragment of DNA that had been amplified, from the same plasmid, between the two primers Pf (ATATGCGGC-CGCTCGAGTCAGGAGCCGGAGGAGTCGGAGGG) and Pr (CG-GCGATGCGAAACCAGG). P~ was designed in such a way that codons 1 and 2 from Nup153 were replaced by the six base Xhol recognition sequence. The 5' end of this primer contained a Notl site, The resultant plasmid was pBSNnp153(NX). Finally, a 4,554-bp Nup153 fragment (which in-cludes the termination codon) was cut from this plasmid using Xhol and Bglll and was ligated into pCMV-HA(XB) so that the Nup153 coding sequence was inframe with the HA epitope. Specific deletions were made between the unique internal Xbal, EcoRV, and BstB1 sites and between the terminal Xhol and Bglll sites using double-stranded oligonucleotide adapters. For 3' end truncations, oligonucleotides containing an in frame stop codon were used. For chicken muscle pyruvate kinase (CMPK) fusions, CMPK cDNA was amplified by PCR from the vector pJ3~-CMPK (Frangioni et al., 1992) between codons 20 and 477 using pairs of primers incorporating combinations of the restriction enzyme sites above. PCR products were digested as appropriate and ligated into similarly cut pCMV-HA-Nup153. The authenticity of the various constructs was verified by double-stranded sequencing of the appropriate regions using Sequenase TM (United States Biochem Corp., Cleveland OH) as recommended by the manufacturer.
Transfections
The various constructs were purified by centrifugation through a CsC1 gradient containing ethidium bromide (Ausubel et al., 1987) . Transfections were carried out using the calcium phosphate method (Graham and van der Eb, 1973) or using the Lipofectamine reagent (GIBCO BRL) exactly as described by the manufacturer. For each DNA construct, the two procedures yielded equivalent results. However, where possible we preferred to use the calcium phosphate method for immunofluorescence experiments since it generally gave a cleaner background.
To construct the cell line BHKgrl3, BHK cells were transfected (using the calcium phosphate method) with pSV2neo, which confers resistance to the antibiotic G418, and a second plasmid containing a glucocorticoid receptor-13-galactosidase cDNA (generously provided by Drs. Keith Yamamoto ]University of California, San Diego] and Didier Picard [University of Geneva, CH]). Stable transfectants were selected in medium containing 800 I~g/ml G418 (GIBCO BRL). Single clones were isolated and screened for glucocorticoid receptor-13-galactosidase fusion protein expression as well as dexamethasone responsiveness by immunofluorescence microscopy using antibodies against 13-galactosidase.
Immunofluorescence and Confocal Microscopy
Cells grown on glass coverslips were fixed with formaldehyde and labeled with antibodies according to previously described procedures (Ash et al., 1977) . In short, cells were fixed for 20 min at room temperature in 3% formaldehyde (prepared from paraformaldehyde dissolved at 80°C in phosphate-buffered saline). After PBS washes, the fixed cells were permeabilized for 5 min at room temperature with 0.2% Triton X-100 in PBS and labeled with appropriate primary and secondary antibodies. For differential permeabilization experiments (in which only the cytoplasmic face of the nuclear envelope is exposed to antibody), cells were instead treated for 15 min at 4°C with 0.004% digitonin in PBS . The digitonin was prepared from a 10% stock solution in dimethyl sulphoxide. Integrity of the nuclear membranes in digitonin permeabilized cells was always confirmed using a rabbit anti-lamin A antibody (Burke, t990) . Rhodamine-and fluorescein-conjugated secondary antibodies were obtained from Tago, Inc. (Burlingame, CA) . In addition, all samples were stained with the DNA-specific Hoechst dye (No. 33258) to reveal the cell nuclei. Specimens were observed and photographed under appropriate illumination with either a Zeiss Axiophot microscope (Thornwood, NY) equipped with a ×63 PlanApo objective lens or a Leica DMRB microscope (Deerfield, IL) equipped with a x63 PL APO NA1.4 objective. For confocal microscopy and digital image acquisition, specimens were observed at an Optovar setting of 2.0 using a Zeiss Photomicroscope IIl equipped with ×63 PlanApo NA1.4 and xl00 Neofluor NA 1.32 objectives lenses and a Kodak MegaPlus model 1.6 camera (Rochester, NY) linked to a Touch TX4664, Missasaugua, Ontario computer. Series of images acquired at 0.5-p,m focal intervals were digitally processed using Micro-Tome version 3.1 (VayTek, Inc., Fairfield, IA) to yield stacks of confocal slices.
In Situ Hybridization
Fluorescence in situ hybridization of BHK cel!s employing a biotinylated oligo-dT 45 mer (prepared with a 5' biotin by the University of Calgary Oligonucleotide Synthesis Facility, Calgary, Alberta, Canada) was carried out according to the general procedures described by Spector and coworkers (Huang et al., 1994) . Certain modifications were introduced, however, so that cells could be double labeled with fluorescent antibodies. BHK cells (transfected or otherwise), grown on glass coverslips, were fixed for 15 rain at room temperature in 3% formaldehyde (from paraformaldehyde) in PBS. After three 15 min PBS washes, the cells were permeabilized for 5 min at 4°C in sterile PBS containing 0.5% Triton X-100. They were then labeled for 30 rain at room temperature with the primary antibody (usually 12CA5 culture supernatant at a dilution of 1:50) in sterile PBS containing 0.2% Triton X-100, 1 mM DTT, and 200 U/ml RNAsin (Promega Corp.). After three 15 min washes in PBS/0.2% Triton X-100, the labeled cells were refixed as described above. Fixative was removed with three 15-min PBS washes, and the cells were then equilibrated in 2x SSC for 10 min at 42°C (Huang et al., 1994) . Hybridization was carried out by inverting the coverslips onto I00 la.l of hybridization mix and incubating overnight at 42°C in a humidified chamber. The hybridization mix consisted of 2x SSC containing 1 mg/ml tRNA, 10% dextran sulfate, 25% formamide, and 50 ~g/ml biotin-oligo dT(45). After hybridization, the cells were washed twice for 15 min at 42°C in 2× SSC and once, also for 15 rain at 42°C, in 0.5x SSC. Immediately upon completion of this wash, the ceils were again refixed as described above. After three washes in PBS, they were incubated for 30 min at room temperature with FITC-streptavidin (Sigma Immunochemicals, St Louis, MO) and rhodamine-goat antimouse IgG, each diluted appropriately into PBS/0.2% Triton X-100. Unbound fluorescent probes were removed with three washes in PBS/0.2% Triton X-100 and two washes in PBS. Finally, the coverslips were mounted in Slow Fade TM (Molecular Probes Inc., Eugene, OR) and examined by fluorescence microscopy.
Immunoprecipitations and lmmunoblotting
Transfected or mock transfecrted cells grown in 35-mm tissue culture dishes were washed once in PBS and then lysed in a buffer containing 50 mM triethanolamine (TEA), 500 mM NaC1, 0.5% Triton X-100, 1 mM DTT, 1 mM PMSF, and 1:1,000 CLAP (10 mg/ml in DMSO of each of the following: chymostatin, leupeptin, antipain, and pepstatin).The lysate was centrifuged for 5 min in an Eppendorf centrifuge (Fremont, CA) at 4°C. 20 ~.1 of a QE5 affinity matrix, consisting of a 50% suspension of protein G-Sepharose to which QE5 IgG had been chemically crosslinked using dimethyl pimelimidate, (Harlow and Lane, 1988) was added to the supernatant. The mixture was then rotated overnight at 4°C. The following morning, the QES-beads were washed five times in either the same buffer or in a higher stringency buffer containing 50 mM TEA, 100 mM NaC1, 0.5% Triton X-100, 0.1% SDS, 1 mM DTF, 1 mM PMSF, and 1:1,000 CLAP . After two final washes in 50 mM Tris, pH 7.4, the QE5 beads were suspended in SDS-polyacrylamide gel sample buffer and fractionated by electrophoresis (Laemmli, 1970) . On completion of electrophoresis, gels were blotted onto nitrocellulose filters (model BA85; Schleicher & Schuell Inc., Keene, NH; Burnette, 1981) using a semi-dry blotting apparatus manufactured by Hoefer Scientific Instruments Inc. (San Francisco, CA). Filters were blocked, labeled with primary antibodies, and then developed with peroxidase-conjugated secondary antibodies exactly as previously described (Burke et al., 1982) .
Electron Microscopy
Cells grown in 35-mm tissue culture dishes were fixed in 1% glutaraldehyde in I00 mM PIPES, pH 7.0, washed, and then postfixed in 2% reduced OsO4 in 100 mM cacodylate, pH 7.3. The samples were dehydrated in ethanol and embedded in Epon 812. Sections, cut with a diamond knife, were contrasted with uranyl acetate and lead citrate.
Results
We have expressed a series of epitope-tagged (with HA) human Nup153 constructs in BHK cells and followed their distribution by immunofluorescence microscopy. Fig. 1 , (A and B) shows that at moderate expression levels, fulllength HA-tagged Nup153 (HA-Nup153) associates exclusively with the nuclear envelope. Labeling with the 12CA5 (anti-HA) monoclonal antibody reveals a finely punctate distribution across the nuclear surface consistent with assembly of HA-Nup153 into NPCs. This view is reinforced by differential permeabiliztion of cells using either 0.2% Triton X-100 or 0.004% digitonin , Figure 1 . Indirect immunofluorescence microscopy of BHK cells expressing HA-tagged human Nup153 (HA-Nup153, A-C) and HA-tagged human CAN/Nup214 (D). In A and B, detection of HA-Nup153 is with a monoclonal anti-HA (12CA5). Two different focal planes of the same cells are shown. In A the microscope is focused at the nuclear surface, whereas in B it is focused at the equator. The punctate labeling pattern revealed in A is consistent with association of HA-Nup153 with NPCs, Massive concentration of HA-Nup153 in the nuclear envelope is documented in C. In this case, the cells were labeled with the antinucleoporin antibody QE5, which provides a comparison of the nuclei of transfected versus nontransfected cells (asterisks). Note the elongation of the nuclei containing high levels of HA-Nup153 as well as the appearance of brightly staining inclusions (arrow). Two cells expressing HA-CAN/Nup214 and labeled with 12CA5 are evident in D. In the cell on the left, expressing HA-CAN/Nup214 at a low level, the heterologous protein is restricted largely to the nuclear envelope. At a higher expression level seen in the cell on the right, HA-CAN/Nup214 accumulates in the cytoplasm. Bar, 10 Ixm.
clear envelope (Fig. 1 C) . This observation was quite contrary to expectations since it was assumed that given an invariant number of NPCs, each with a precisely defined complement of protein subunits, the capacity of the nuclear envelope to accommodate heterologous Nup153 would be rapidly saturated, leading to an accretion elsewhere in the cell, probably the nucleus. With another nucleoporin, CAN/Nup214 (von Lindern et al., 1992; Kraemer et al., 1994; Fornerod et al., 1995) , this is precisely what is seen. Accumulation of HA-CAN/Nup214 at the nuclear periphery increases to a maximum level, which is identical in all cells within a given population, after which it spills over into the cytoplasm (Fig. 1 D) . With Nup153 (or HA-Nup153), however, no such saturation is observed. Instead, as expression level increases, so does the labeling of the nuclear envelope. Ultimately, changes in nuclear morphology are observed involving elongation of the originally spherical B H K nuclei concomitant with the appearance of micron-scale nuclear inclusions (Fig. 1 C) that contain nuclear lamins in addition to HA-Nup153 (Fig. 2) .
To broadly define regions of the Nup153 molecule involved in delivery to the inner face of the nuclear envelope, we constructed a series of HA-tagged deletion mutants and chimeric proteins, which we proceeded to express in B H K cells. The identity and subcellular localization of each construct is summarized in Fig. 3 . It is immediately evident from this figure that the only region of the heterologous Nup153 molecule essential for association with the nuclear envelope is contained within the NH2-terminal domain. Indeed, this segment of the molecule can direct an ordinarily soluble protein, CMPK, to the nuclear envelope. In terms of targeting, the NP-and Z-domains are dispensable. While all molecules lacking the N-domain remain cytoplasmic (HA-Nup153AN, HA-NP), they do acquire the capacity to bind wheat germ agglutinin, indicating the addition of N-acetyl glucosamine which indicates that all of the HA-Nup153 is localized appropriately on the nucleoplasmic face of the nuclear envelope (not shown). This same distribution of heterologous HA-Nup153 has been observed in a variety of vertebrate ceils, including HeLa cells and X. laevis A6 cells (Bastos, R. and B. Burke, unpublished observations).
At higher levels of expression, the HA-Nup153 continues to accumulate at the nucleoplasmic surface of the nu- peroxidase-wheat germ agglutinin (WGA) to detect N-acetyl glucosamine-containing proteins. The other was probed with 12CA5 to identify HA-NP. It is evident that Nup153, p62, and HA-NP all bind WGA. CAN/Nup214 transfers only very poorly and is therefore barely detectable on these blots. (Fig. 4) . Furthermore, as will be shown below, they do possess at least some biological activity. Of those constructs which are associated with the nuclear envelope, differential permeabilization using Triton X-100 versus digitonin indicates that all are appropriately localized on the nucleoplasmic face (data not shown).
Do all of these Nup153 constructs associate with the NPC? At present, this can not be answered definitively since the H A epitope in the context of the Nup153 NH2 terminus does not function well for EM-immunocytochemistry. However, in the case of HA-N-CMPK, which localizes almost exclusively to the nuclear envelope (Figs.  3 and 5) , immunofluorescence microscopy reveals a punctate labeling pattern of the nuclear surface identical to that observed with other antibodies against endogenous NPC proteins. In fact, double label experiments (Fig. 5 ) demonstrate a precise overlap of HA-N-CMPK with the nucleoporins recognized by QE5 (HA-N-CMPK lacks the QE5 epitope). These experiments indicate that, at the very least, the distribution of HA-N-CMPK is linked to that of endogenous nucleoporins. This similarity of labeling patterns is not observed when other nuclear envelope proteins, such as lamins or lamina-associated membrane proteins, are compared with nucleoporins (not shown).
While all of the constructs containing the N-domain become nuclear envelope-associated, subtle differences between them are nevertheless evident. HA-Nup153 lacking the entire zinc finger domain (HA-Nup153AZ) behaves in a similar fashion to the full-length molecule in that it accumulates to a very high level at the inner nuclear membrane and ultimately gives rise to brightly staining nuclear inclusions (Figs. 2 and 3 ) containing nuclear lamins (Fig. 2) . In this case, however, the inclusions are, if anything, larger and frequently clustered at the nuclear periphery, often in direct contact with the inner face of the nuclear envelope (Figs. 2, 3 , and 10), a finding which has been confirmed by confocal microscopy (not shown). These inclusions appear quite distinct, in both size and number, from invaginations or folds in the nuclear envelope that are frequently observed in both transfected and nontransfected BHK cells. EM observations reveal that the occurrence of the nuclear inclusions in cells overexpressing either HA-Nup153 or HA-Nup153AZ coincides with the appearance of extensive bundles and arrays of intranuclear membrane tubules and cisternae (Figs. 6 and 7) . These ultrastructural perturbations are altogether unlike those associated with mutations in certain yeast nucleoporin genes (Wente and Blobel, 1993; Bogerd et al., 1994; Doye et al., 1994; Wente and Blobel, 1994; Pemberton et al., 1995; ) . The concomitant appearance and similar spatial distributions suggest, although do not prove, that the inclusions observed in the light microscope and the intranuclear membrane arrays represent different views of the same structures.
Both the HA-Nup153 NH2-terminal domain (HA-N) and the HA-Nup153 construct lacking the NP-domain (HA-Nup153ANP) become highly concentrated at the nuclear periphery, but in neither case have we clearly observed the large micron-scale lamin-positive nuclear inclusions or intranuclear membrane arrays characteristic of HA-Nup153 and HA-Nup153AZ expression (Figs. 2, 3 , and 11). The only immediately obvious structural phenotype associated with these two constructs is that as expression level rises, nuclei may become increasingly misshapen and may feature numerous invaginations of the nuclear envelope (Fig. 3, HA-N; Fig. 11 ). Similar results were obtained with the chimeric constructs, HA-NZ-CMPK and HA-N-CMPK, which also lack the NP-domain.
To determine whether the phenotypes associated with Nup153 overexpression include changes in nucleocytoplasmic transport kinetics, we have examined both import and export pathways before and after transfection with the various Nup153 constructs described above. To follow import, we constructed a BHK cell line, BHKgr[3, which constitutively expresses a glucocorticoid receptor-13-galactosidase fusion protein (Picard and Yamamoto, 1987) . This fusion protein resides exclusively in the cytoplasm until addition of dexamethasone (10 ixg/ml), whereupon it moves rapidly (within 30 min) and quantitatively into the nucleus. It therefore provides us with an inducible nuclear Figure 5 . BHK cell expressing the HA-N-CMPK chimera, double labeled with QE5 (anti-nucleoporin) and anti-HA. For these images, the microscope was focused on the nuclear surface. The QE5 epitope, which is contained within the Nup153 NP domain, is absent from HA-N-CMPK. While the relative intensities of individual spots vary between the two rhodamine and fluorescein images, their spatial overlap is precise. The spots probably represent single NPCs or dusters of NPCs. The 8-bit digital images shown here were given false colors and then superimposed employing Adobe Photoshop 3.0. import reporter (Fig. 8, A and B) . To inspect at least one aspect of nuclear export, we examined cellular poly (A) ÷ RNA localization by in situ hybridization employing a biotinylated oligo-dT 45 mer. Changes in RNA trafficking might therefore be manifested as variations in global distribution of poly (A) ÷ RNA. As shown in Fig. 8 C, poly (A) ÷ RNA is found largely in the cytoplasm of nontransfected BHK cells. Labeling within the nucleus is restricted to a punctate reticulum excluded from nucleoli. This labeling pattern, which may be abolished by incubation with RNAse A before hybridization or RNAse H following hybridization (not shown), is identical to that reported by Spector and colleagues for the poly (A) ÷ RNA distribution in HeLa cells (Huang et al., 1994) .
Hybridization analysis of BHK cells 24 h after transfection with HA-Nup153 revealed a dramatic change in poly (A) ÷ RNA distribution over mock transfected cells. In particular, a large increase in nuclear labeling with a concomitant decrease in cytoplasmic labeling was evident (Fig. 9 ). This change in poly (A) ÷ RNA distribution was not observed in cells expressing high levels of two other NPC proteins, Nup84 or CAN/Nup214 (Fig. 11) , or of the glucocorticoid receptor-13-galactosidase construct (not shown). It is not, therefore, a trivial consequence of overexpression per se, but rather it is specific to Nup153. These observations point to a Nup153-dependent inhibition of poly (A) ÷ RNA export. Analysis of nuclear protein import in BHKgr[3 cells overexpressing HA-Nup153 revealed no discernible effect (Fig. 9) , a result which indicates that the altered distribution of poly (A) ÷ RNA cannot be due simply to loss or occlusion of NPCs. A second Nup153 construct, HA-Nup153AZ, was found to yield identical results; poly (A) + RNA accumulated in the nucleus with no measurable effect on nuclear protein import (Fig. 10) .
Like HA-Nup153, HA-Nup153AZ causes the formation of nuclear inclusions at high expression levels, and an obvious inference is that these structures may be linked to the apparent nuclear export defect. To begin to address this issue, we examined the phenotype of cells expressing HA-Nup153ANP, a construct which, as we have already described, does not appear to induce inclusion formation. This truncated form of Nup153, in contrast to HA-Nup153 and HANup153AZ, exhibits a marginal effect, if any, on poly (A) + RNA distribution (Fig. 11) , even at the highest expression levels. This is also true of several additional HA-Nup153 deletion constructs and fusion proteins (summarized in Table I ) that lack the NP-domain. Taken together, these results indicate that the NP-domain of Nup153 is essential for the observed apparent block in poly (A) ÷ RNA export from the nucleus.
The question that immediately arises is whether the NPdomain alone is sufficient to induce this block. To answer this, we examined cells overexpressing HA-NP. As described above, this construct, which becomes modified with N-acetyl glucosamine, remains uniformly distributed throughout the cytoplasm and does not accumulate in the nucleus or in the nuclear envelope. Furthermore, it does not induce the formation of the nuclear inclusions and intranuclear membrane arrays associated with HA-Nup153 and HA-Nup153AZ overexpression. As revealed in Fig. 12 , BHK cells expressing HA-NP exhibit a clear accumulation of poly (A) ÷ RNA in the nucleus, with a corresponding decline in the cytoplasm. The overall effect is, if anything, even more dramatic than that observed with HA-Nup153 and HA-Nup153AZ. As with all of the other Nup153 constructs, there is no effect on nuclear protein import. Similar results were obtained with a second cytoplasmic construct, HA-Nup153AN (Table I) . From these results, it is possible to conclude that changes in RNA distribution are unrelated to the nuclear envelope structural alterations associated with overexpression of HA-Nup153 and HA-Nup153AZ. Furthermore, it is evident that it is the Nup153 NP-domain that is necessary and sufficient to produce these alterations in RNA trafficking.
Discussion
While considerable progress has recently been made in the characterization of molecules involved in the process of nuclear protein import, little detailed information is available concerning nuclear export mechanisms (G~rlich and Mattaj, 1996) . In contrast to the ubiquitous basic domain nuclear localization sequences found on numerous nuclear proteins, no comparable general export signal has so far been identified. Instead, it has become increasingly clear that different RNA classes, as well as proteins returning to the cytoplasm, possess distinct export signals that in turn may access kinetically separable export pathways (Jarmolowski et al., 1994; Pokrywka and Goldfarb, 1995) .
A number of proteins of diverse functions have been identified, in both higher and lower cells, whose activities Figure 7. Thin section electron micrographs of membrane arrays formed within BHK cell nuclei in response to HA-Nup153AZ overexpression. If anything, these are more elaborate than the similar structures induced by full-length Nup153 (Fig. 6) . Arrowheads indicate the nuclear face of the nuclear envelope. Bars, 0.5 ~xm.
are required for the normal transit to the cytoplasm of various molecular species (Izaurralde and Mattaj, 1995; G6r-lich and Mattaj, 1996) . These include cap binding proteins (CBP80 and CBP20, in the case of U snRNA and mRNA; Izaurralde et al., 1992; Izaurralde et al., 1994) , hnRNP A1 (mRNA; Dreyfuss, 1991, 1992) , Revinteracting protein (RIP, in the case of HIV Rev protein; Bogerd et al., 1995; Fritz et al., 1995; Stutz et al., 1995) , as well as several yeast nucleoporins, including both GLFG and XFXFG family members (Wente et al., 1992; Wimmer et al., 1992; Bogerd et al., 1994; Doye et al., 1994; Fabre et al., 1994; Wente and Blobel, 1994; Aitchison et al., 1995; Grandi et al., 1995; Heath et al., 1995; Hurwitz and Blobel, 1995; Siniossoglou et al., 1996) . In addition, constituents of the Ran GTPase cycle have also been implicated in RNA export in both yeast and in higher eukaryotes (Amberg et al., 1993; Kadowaki et al., 1993; Cheng et al., 1995) . For instance, tsBN2 cells, a BHK derivative containing temperature-sensitive RCC1 (a Ran guanine nucleotide exchange protein), accumulate both UsnRNAs and poly (A) + RNA within the nucleus when grown at their nonpermissive temperature (Amberg et al., 1993; Kadowaki et al., 1993) . Indeed, the reported distribution of poly (A) ÷ RNA in these cells is indistinguishable from that induced by the Nup153 overexpression described in the present study (Amberg et al., 1993; Kadowaki et al., 1993) .
To date, only one nucleoporin from higher cells has been implicated in RNA export, p62, which is a component of the central channel complex (Guan et al., 1995) and which is essential for nuclear protein import (Finlay et al., 1991) , was found in cross-linking experiments to contact m R N A en route to the cytoplasm (Dargemont et al., 1995) . These observations extend earlier antibody microinjection experiments that suggested a function for XFXFG nucleoporins in tRNA export (Featherstone et al., 1988) . In the present study, we have provided evidence that Nup153, which like p62 is a member of the XFXFG family, may also have a role in RNA export. This is based upon the observation that a number of Nup153 constructs cause the dramatic accumulation of nuclear poly (A) + RNA when expressed in BHK cells, an effect which was not seen when several other proteins (including nucleoporins) were expressed at similar levels. At the same time, we could find no indication that the Nup153 constructs had an influence on nuclear protein import. This led us to conclude that whatever the effects of Nup153 overexpression, they did not involve either a loss or occlusion of NPCs leading to a general decline in nucleocytoptasmic transport.
Analysis of a series of Nup153 deletion constructs and chimeras indicate that it is the carboxy-terminal NP-domain, containing most of the XFXFG repeats, which is responsible for the observed nuclear poly (A) ÷ RNA accumulation. Since certain of these NP-domain constructs do not associate with the NPC, indeed they are actually cytoplasmic, an interaction with some essential soluble factor, rather than a direct effect on NPCs, seems likely. This cannot, however, be a property of all XFXFG domain proteins since CAN/Nup214 overexpression has no discernible effect on poly (A) ÷ RNA distribution. Clearly not all XFXFG domains are equivalent, a conclusion also reached with respect to GLFG domain proteins (Iovine et al., 1995) .
It could be argued that the effects of the Nup153 NPdomain on poly (A) ÷ RNA distribution could be a result of either impaired processing leading to a secondary decline in export or enhanced polyadenylation. The latter might in turn be a result of either increased poly (A) polymerase activity or reduced nuclear poly (A) trimming. While none of these mechanisms can be ruled out at present, we believe a more likely explanation is the titration, by the NP-domain, of an essential export factor. This proposition is lent credence by the fact that both nuclear and cytoplasmic NP-domain constructs have similar phenotypes with respect to poly (A) + RNA distribution, implying that if they are associating with a soluble factor, it must be distributed between both compartments. This is precisely what would be expected of an export factor, at least by analogy with known import factors (Melchior and Gerace, 1995; Sweet and Gerace, 1995) such as Ran and the nuclear localization signal (NLS) receptor (importin-a, karyopherin-c 0, and could potentially involve a protein such as hnRNP AI, which is believed to have a role in m R N A export and does indeed shuttle between the nucleus and cytoplasm Dreyfuss, 1991, 1992) . Taking these conjectures further, the NP-domain of Nup153 may represent a docking site for certain RNA classes during translocation across the NPC to the cytoplasm, much as has been suggested as a role for the repeat domain proteins in nuclear protein import (Rexach and Blobel, 1995) . Consistent with the existence of multiple distinct export pathways, we could find no evidence for an effect of Nup153 overexpression on protein export (Bastos, R., and B. Burke, unpublished results). This conclusion is based upon observations of the transcription factor NF-AT, which cycles between the nucleus and the cytoplasm as a function of intracellular calcium levels (Shibasaki et al., 1996) . It is also in accord with the finding that the export of HIV Rev protein from the nucleus involves a pathway that is distinct from that utilized by mRNAs (Fischer et al., 1995) .
This putative role for the NP-domain in poly (A) + RNA export contrasts with the targeting function which we have documented for the N-domain. At least when expressed against a background of wild-type protein, only the NH2-terminal region of Nup153 is required for delivery to the inner surface of the nuclear envelope. This finding indi- cates that this segment of Nup153 must interact with other NPC or nuclear envelope components. The fact that the Nup153 N-domain does not contain any recognizable NLS implies that such interaction might initially occur in the cytoplasm, shortly after synthesis. In this way, the N-domain constructs may gain access to the interphase nucleus on the back of a "carrier" protein containing a conventional NLS. Since we already know that Nup153 can be eluted from the NPC in the form of a N1 MD homooligomer , at least some of the data presented here could be explained in terms of interaction between the N-domain constructs and the endogenous full-length Nup153. In short, the N-domain might represent a site of self-association. To begin to address this issue, we tried to detect association between HA-N and endogenous Nup153. However, in a series of immunoprecipitation experiments performed under conditions which preserve full-length Nup153 homooligomers, we could find no evidence for such an interaction (Burke, B., unpublished observations) .
Even had we been successful in detecting association between HA-N and endogenous Nup153, this would only bring to the forefront the issue of how newly synthesized Nup153 itself enters the nucleus before assembly into an NPC. This question arises because the only conventional basic-domain NLS-like sequence contained within the Nup153 molecule is located at the C O O H terminus (...RKIKTAVRRRK C O O H ) . However, we can find no evidence that this sequence actually has a targeting func- tion. Indeed, the cytoplasmic localization of NH2-terminal deletions (which are biologically active insofar as they interfere with R N A trafficking) would speak against such a role. We are therefore faced with a situation in which Nup153 itself might obligatorily associate with an as yet unidentified NLS-containing protein in order to gain access to the nucleus. The only alternatives to this type of carrier model for Nup153 nuclear import are that its assembly into NPCs occurs only at the end of mitosis before nuclear reformation or that Nup153 contains an unconventional NLS. The former is certainly not the case since this model would predict, erroneously, that HA-Nup153 should accumulate in the cytoplasm during interphase. However, a precedent for the latter has been recently set by hnRNP A1, which does indeed appear to contain an unusual NLS within a 38-amino acid domain (Michael et al., 1995) . An additional entry mechanism exclusive of NLSmediated transport and involving a translocation event coupled to de novo NPC formation seems unlikely since Nup153 continues to accumulate within the nucleus even when expressed at a level one to two orders of magnitude higher than that Of endogenous NPC proteins. In this way, the rate of accumulation of Nup153 would appear to far outstrip the rate of new NPC assembly. It is worth pointing out that a second nucleoporin, Nup98, which is located on the nuclear face of the NPC, also seems to lack a conventional NLS (Radu et al., 1995) .
The N-domain cannot be the only region of Nup153 in contact with other NPC or nuclear envelope molecules. While it is true that the NP-domain, containing most of the XFXFG repeats, is dispensable in terms of delivery to the inner nuclear membrane (a similar finding was reported for the yeast nucleoporin NSPlp; Nehrbass et al., 1990) , appearance of the intranuclear membrane arrays seems to be contingent upon the presence of this segment of the molecule. This would suggest that the NP-domain is not free but instead must interact, directly or indirectly, with other envelope components. Were this not the case, it would be difficult to imagine how its presence might otherwise be required to induce these structural rearrangements. It should also be emphasized that high resolution localization of Nup153 has been carried out exclusively with antibodies against NP-domain epitopes . Consequently, we can be fairly certain that this region of the molecule contributes to the structure of the distal ring of the nuclear basket. The distal ring in turn has been shown to be the site of attachment of the nuclear envelope lattice, a filamentous meshwork distinct from the nuclear lamina that interconnects NPCs and that was originally identified in amphibian oocytes (Goldberg and Allen, 1992) . This obviously begs the question of whether the NP-domain might interact directly with the nuclear envelope lattice. Despite the fact that it is the N-domain only that can direct delivery to the nuclear envelope, we have no direct knowledge of how this segment of Nup153 might be disposed within the NPC. A very surprising feature of Nup153 is its ability to accumulate in the nuclear envelope to extremely high levels. This is in marked contrast to another nucleoporin, CAN/ Nup214, which rapidly saturates all available binding sites at the nuclear periphery (Fornerod et al., 1995) . Since NPCs are likely to have a precisely defined composition, they should be capable of accommodating only a fixed number of Nup153 molecules. How then can the behavior of Nup153 be rationalized? There are at least two possibilities, neither of which can be eliminated at present. The first is that at elevated expression levels, Nup153 might form higher order oligomers "seeded" off of NPCs. In favor of this model is the finding that Nup153 can be eluted from NPCs as a large (~1 MD) homooligomer, so it can certainly self-associate. In addition, it would be consistent with observations that at least under some circumstances, Nup153 can be detected in extended filamentous structures (Cordes et al., 1993) . The second possibility is that the nuclear envelope contains large numbers of Nup153-binding sites in addition to the limited number available within each NPC.
In summary, we have defined an NH2-terminal region of the Nup153 molecule required for association with the NPC. Logically, this segment of the molecule must interact with at least one other NPC subunit, although the identity of this remains unknown. Similarly, whether the N-domain of Nup153 might also be involved in self-association is also still an open question. The NP-domain, containing most of the XFXFG repeats and at least some of the O-linked N-acetyl glucosamine, is apparently dispensable in terms of delivery of the molecule to the inner nuclear membrane. However, overexpression of this region of the molecule leads to large scale accumulation of intranuclear poly (A) ÷ RNA, suggesting that Nup153 may play a role in RNA export. The location of the NP-domain within the distal ring of the nuclear basket raises the possibility that this structure may represent a docking site for molecules exiting the nucleus. The future application of biochemical and genetic approaches combined with ultrastructural analyses should provide the means to test this proposition.
